To explain the large, opposite effects of urea and glycine betaine (GB) on stability of folded proteins and protein complexes, we quantify and interpret preferential interactions of urea with 45 model compounds displaying protein functional groups and compare with a previous analysis of GB. This information is needed to use urea as a probe of coupled folding in protein processes and to tune molecular dynamics force fields. Preferential interactions between urea and model compounds relative to their interactions with water are determined by osmometry or solubility and dissected using a unique coarse-grained analysis to obtain interaction potentials quantifying the interaction of urea with each significant type of protein surface (aliphatic, aromatic hydrocarbon (C); polar and charged N and O). Microscopic local-bulk partition coefficients K p for the accumulation or exclusion of urea in the water of hydration of these surfaces relative to bulk water are obtained. K p values reveal that urea accumulates moderately at amide O and weakly at aliphatic C, whereas GB is excluded from both. These results provide both thermodynamic and molecular explanations for the opposite effects of urea and glycine betaine on protein stability, as well as deductions about strengths of amide NH-amide O and amide NH-amide N hydrogen bonds relative to hydrogen bonds to water. Interestingly, urea, like GB, is moderately accumulated at aromatic C surface. Urea m-values for protein folding and other protein processes are quantitatively interpreted and predicted using these urea interaction potentials or K p values. U rea and glycine betaine (GB) rank at opposite ends of a series of small nonelectrolyte solutes in terms of their effects on protein folding and other protein processes. Stabilities (ΔG o obs ) of folded proteins and of site-specific protein-DNA complexes decrease linearly with increasing urea molarity and increase with increasing GB molarity (1)(2)(3)(4)(5). This solute series parallels the Hofmeister anion and cation series of non-Coulombic effects of salt ions on protein processes; guanidinium cation and thiosulfate or iodide anions are highly destabilizing but alkali metal cations are not destabilizing and sulfate or fluoride anions are stabilizing (6)(7)(8). Similar rank orders but smaller ranges of solute and nonCoulombic salt effects are observed on DNA and RNA duplex formation; urea and salt ions that greatly destabilize proteins when added at molar concentrations also greatly destabilize DNA duplexes, but GB and Hofmeister salt ions that stabilize proteins do not stabilize nucleic acids duplexes (4, 5,(8)(9)(10)(11). Another range of solute effects is observed for the series of solutes from ethylene glycol (EG) to PEG, where the monomer EG destabilizes both hairpin and duplex DNA helices, whereas polymeric PEGs greatly stabilize the duplex and eliminate the destabilization of the hairpin helix (12). In our research, we use molecular thermodynamic analyses of model compound data to interpret and predict the effects of these solutes and Hofmeister salt ions in terms of preferential interactions of the solute or salt ions with individual functional groups on the protein or DNA surfaces that are affected (buried or exposed) in the process, supplemented by excluded volume effects in the case of polymeric solutes such as PEG (4, 8,(12)(13)(14)(15)(16)(17)(18). Here we obtain this information for urea and apply it to understand both the molecular and thermodynamic basis of the very different effects of urea and GB on protein processes.
To explain the large, opposite effects of urea and glycine betaine (GB) on stability of folded proteins and protein complexes, we quantify and interpret preferential interactions of urea with 45 model compounds displaying protein functional groups and compare with a previous analysis of GB. This information is needed to use urea as a probe of coupled folding in protein processes and to tune molecular dynamics force fields. Preferential interactions between urea and model compounds relative to their interactions with water are determined by osmometry or solubility and dissected using a unique coarse-grained analysis to obtain interaction potentials quantifying the interaction of urea with each significant type of protein surface (aliphatic, aromatic hydrocarbon (C); polar and charged N and O). Microscopic local-bulk partition coefficients K p for the accumulation or exclusion of urea in the water of hydration of these surfaces relative to bulk water are obtained. K p values reveal that urea accumulates moderately at amide O and weakly at aliphatic C, whereas GB is excluded from both. These results provide both thermodynamic and molecular explanations for the opposite effects of urea and glycine betaine on protein stability, as well as deductions about strengths of amide NH-amide O and amide NH-amide N hydrogen bonds relative to hydrogen bonds to water. Interestingly, urea, like GB, is moderately accumulated at aromatic C surface. Urea m-values for protein folding and other protein processes are quantitatively interpreted and predicted using these urea interaction potentials or K p values. U rea and glycine betaine (GB) rank at opposite ends of a series of small nonelectrolyte solutes in terms of their effects on protein folding and other protein processes. Stabilities (ΔG o obs ) of folded proteins and of site-specific protein-DNA complexes decrease linearly with increasing urea molarity and increase with increasing GB molarity (1) (2) (3) (4) (5) . This solute series parallels the Hofmeister anion and cation series of non-Coulombic effects of salt ions on protein processes; guanidinium cation and thiosulfate or iodide anions are highly destabilizing but alkali metal cations are not destabilizing and sulfate or fluoride anions are stabilizing (6) (7) (8) . Similar rank orders but smaller ranges of solute and nonCoulombic salt effects are observed on DNA and RNA duplex formation; urea and salt ions that greatly destabilize proteins when added at molar concentrations also greatly destabilize DNA duplexes, but GB and Hofmeister salt ions that stabilize proteins do not stabilize nucleic acids duplexes (4, 5, (8) (9) (10) (11) . Another range of solute effects is observed for the series of solutes from ethylene glycol (EG) to PEG, where the monomer EG destabilizes both hairpin and duplex DNA helices, whereas polymeric PEGs greatly stabilize the duplex and eliminate the destabilization of the hairpin helix (12) . In our research, we use molecular thermodynamic analyses of model compound data to interpret and predict the effects of these solutes and Hofmeister salt ions in terms of preferential interactions of the solute or salt ions with individual functional groups on the protein or DNA surfaces that are affected (buried or exposed) in the process, supplemented by excluded volume effects in the case of polymeric solutes such as PEG (4, 8, (12) (13) (14) (15) (16) (17) (18) . Here we obtain this information for urea and apply it to understand both the molecular and thermodynamic basis of the very different effects of urea and GB on protein processes.
Solute effects on biopolymer processes such as protein folding and protein-DNA binding are quantified by m-values, derivatives with respect to solute concentration (m 3 ) of the observed standard free energy change for the process (ΔG o obs ¼ −RT ln K obs ), where K obs , the equilibrium concentration quotient for the process, is independent of choice of initial biopolymer concentrations, but varies with solute concentration because it is expressed in terms of biopolymer concentrations and not activities:
In Eq. 1, K γ is the equilibrium constant in terms of biopolymer activity coefficients, and the subscripts 1, 2, and 3 refer to water, biopolymer/model compound, and urea, respectively. Eq. 1 is valid for typical experimental conditions where m 3 ≫ m 2 and the partial derivatives are at constant m 2 , T, and P. The chemical potential derivative μ 23 is ð∂μ 2 ∕∂m 3 Þ m2 ¼ RTð∂ ln γ 2 ∕∂m 3 Þ m2 , where γ 2 is the activity coefficient of component 2; μ 23 is negative when there is a favorable preferential interaction between the solute and biopolymer and positive when there is an unfavorable interaction. Urea m-values for unfolding globular proteins are proportional to the change in accessible surface area (ΔASA) in unfolding (1, 16) . Urea m-values for unfolding a series of α-helices with ðAEAAKAÞ n repeats are also proportional to ΔASA; an average per residue m-value is obtained by fitting these transition curves to helix-coil theory (19) . Analysis of these protein and peptide unfolding data indicated that urea and GuHCl m-values depend not only on the total ΔASA but also on the composition of the surface that is exposed, and provided estimates of the strength of the favorable interactions of these denaturants with protein amides (16) .
To interpret preferential interactions of a solute like urea with proteins and other biopolymers, values of μ 23 are determined for the effects of the solute on the chemical potentials of appropriately chosen model compounds. In transfer-free energy analyses, preferential interactions of urea and other solutes with amino acids and small peptides have been determined from solubility measurements and dissected, assuming additivity, to quantify the preferential interactions of urea and other solutes with the 20 amino acid side chains and with the peptide backbone repeat unit (20, 21) . Recently we used osmometry to determine preferential interactions of the osmolyte GB with 27 model compounds displaying one or more of the functional groups of proteins [amide, carboxylate, hydroxyl oxygen (O); amide, cationic nitrogen (N); aliphatic and aromatic hydrocarbon (C)] (15). These interactions were dissected, assuming additivity, into individual contribu-tions from interactions with each group, and quantitatively interpreted using the solute partitioning model (SPM). We obtained a pattern of local accumulation or exclusion of GB consistent with expectations based on hydrogen bonding, cation-π interactions, and other short-range noncovalent interactions (15) .
Here we use osmometry, solubility, and micelle formation assays to determine values of μ 23 for preferential interactions of urea with 20 model compounds and analyze these results together with literature data for 25 urea-model compound interactions to quantify the interactions of urea with the various O, N, and C functional groups of proteins. From these results and information on the amount and composition of the surface exposed in unfolding a protein or disrupting a protein complex, m-values quantifying the effect of urea on the stability of that protein or protein complex are readily predicted. For a protein process like ligand binding or protein-protein association, the urea m-value is a powerful semiquantitative probe of large-scale coupled folding; comparison of urea m-values with those determined for other solutes such as GB that interact differently with protein functional groups will allow a quantitative prediction of the amount and type of protein surface buried in the process.
Results
Quantifying Interactions of Urea with Model Compounds. Interactions of urea with selected, relatively soluble, nonvolatile model compounds (11 salts and 6 polar nonelectrolytes), each displaying two or three protein functional groups, were quantified over a range of molal concentrations of urea (m 3 ) and model compound (m 2 ) by vapor pressure osmometry (VPO). VPO measures the osmolality (Osm) of a solution; here we determine the excess osmolality ΔOsm [ΔOsm ¼ Osmðm 2 ;m 3 Þ − Osmðm 2 ;0Þ − Osmð0;m 3 Þ], from which the chemical potential derivative μ 23 is obtained (22, 23) :
Osmolality differences ΔOsm (a function of urea and model compound molality) are plotted as a function of the concentration product m 2 m 3 (Eq. 3), in the four panels of Fig. 1 . In addition, literature determinations by isopiestic distillation of osmolalities of two and three component solutions of urea and an amino acid or small peptide were analyzed to obtain ΔOsm; these data are plotted in Fig. 1B . Values of μ 23 , determined from the best fitted slopes, are reported in Table 1 and discussed below.
Because most of the soluble model compounds investigated by osmometry have relatively small proportions of hydrocarbon surface, we determined the preferential interactions of urea with aromatic and aliphatic hydrocarbon ASA using solubility and micelle dissolution assays. The effect of urea on the solubility or critical micelle concentration (cmc) of the model compound gives the μ 23 value for the interaction of urea with the surface area of the model compound exposed in dissolving it from a macroscopic phase or a micelle. In general μ 23 ¼ −μ 22 ð∂m 2 ∕∂m 3 Þ μ2 , where μ 22 ¼ ð∂μ 2 ∕∂m 2 Þ m3 . Evaluated at the solubility (or cmc) of component 2 (designated m 2 Ã ),
The solubility m-value (d ln m 2 Ã ∕dm 3 ) therefore yields μ 23 ∕RT directly if the solubility of the model compound is sufficiently small that its saturated solution is an ideal dilute solution in the absence of urea, in which ð∂ ln γ 2 ∕∂ ln m 2 Þ m3 evaluated at m 2 Ã is negligibly small.
Effects of urea on the solubility m 2 Ã of naphthalene and anthracene and on the cmc m 2 Ã of SDS micelles are reported in Fig. S1 . Values of μ 23 ∕RT obtained from the slopes of linear fits of these plots (Eq. 3) are listed in Table S1 . Literature data for the effect of urea on the solubility of other sparingly soluble compounds were also plotted according to Eq. 3 ( Fig. S2 ) and initial slopes of a quadratic fit to the curved data are reported in Table S1 . and/or aliphatic C are favorable and that μ 23 increases in magnitude with surface area at constant surface composition. iii. Preferential interactions of urea with both uncapped and endcapped series (24) of glycine peptides become more favorable (μ 23 becomes more negative) as more peptide units are added ( Fig. 1 and Fig. S2 ), indicating that the urea-amide (O,N) preferential interaction is favorable. iv. Urea weakly favors dissociation of SDS micelles and therefore must have a weak favorable preferential interaction with the primarily aliphatic C surface exposed when an SDS monomer dissociates from a micelle. v. NaPropionate and NaBenzoate contain similar amounts of hydrocarbon C and of carboxylate O, differing in that NaPropionate displays aliphatic C, whereas NaBenzoate displays aromatic C. Urea exhibits no significant preferential interaction with NaPropionate, whereas the net urea-NaBenzoate preferential interaction is quite favorable. This means that the interaction of urea with aromatic C must be much more favorable than its weakly favorable interaction with aliphatic C. vi. Urea exhibits a relatively strong favorable interaction with glycine betaine (Fig. 1A) , which displays only aliphatic C and carboxylate O. This interaction is too favorable to be ascribed to the GB methyl groups because these presumably behave like aliphatic C, which has only a weak favorable preferential interaction with urea. Therefore, urea must have a favorable preferential interaction with carboxylate O. vii.Although interactions of urea with most organic nonelectrolytes are favorable (μ 23 < 0), interactions of urea with Na þ or K þ salts of organic anions are less favorable, becoming unfavorable for salts with three Na þ or K þ ions (Na 3 Citrate, K 3 Citrate, and Na 3 NTA), for which μ 23 is relatively large and positive ( Fig. 1) . Therefore urea must have strong unfavorable preferential interactions with Na þ and K þ cations to counteract the favorable interaction with the carboxylate and aliphatic ASA of the organic anions. Values of μ 23 for the interactions of urea with KCl and NaCl are small in magnitude and negative, indicating that the preferential interaction of urea with the Cl − anion is favorable and slightly stronger than the unfavorable preferential interaction of urea with Na þ and K þ cations. (15) . In that study, we quantitatively dissected experimental values of μ 23 for GB-model compound interactions into additive contributions from interactions of GB with the individual functional groups (i) of the model compound and, for salts, with the inorganic ion.
where α i , the contribution to μ 23 ∕RT per unit ASA of surface of type i, can be thought of as a preferential interaction potential for urea and surface type i. For electrolyte model compounds with inorganic ions (here K þ , Na þ , or Cl − ), ν ion is the stoichiometric number of that ion per formula unit of the salt and β ion is the contribution of the interaction of urea with that ion to μ 23 ∕RT.
For urea, as for GB (15), the sum in Eq 4 is over seven chemically distinct types of molecular surface: aliphatic and aromatic C; carboxylate, amide, and hydroxyl O; cationic and amide N. Values of ASA i for each type of surface on each model compound investigated (Table S2) were calculated from structural information as described in SI Text. Values of α i for all seven surface types and three inorganic ions are determined by global fitting of μ 23 ∕RT and ASA data for interactions of urea with 44 model compounds to Eq. 4.
Values of α i are interpreted at a molecular level using the results of the molecular thermodynamic analysis of a two-state (local and bulk) approximation to the distribution of the solute in the vicinity of the model compound or protein functional group, called the SPM (15-17, 23, 25, 26) . For a nonelectrolyte solute like urea,
where b 1;i is the number of molecules of local water (water of hydration) per unit area of the surface of interest (i), K p;i ¼ m 3 locðiÞ ∕m 3 bulk is the partition coefficient characterizing the distribution of urea between the local hydration water of surface type (i) and bulk water, and the urea self-nonideality correction ϵ ¼ d ln γ 3 ∕d ln m 3 is −0.02 in the range 0.1 to 3 molal. Application of Eq. 4 to the μ 23 dataset for GB-model compound interactions yielded a set of preferential interaction potentials α i and single ion interaction coefficients β ion , which not only provided an excellent representation of the μ 23 data but also made chemical sense when interpreted using the SPM (15). Here we apply this analysis to our urea μ 23 dataset and compare with GB. Table 1 summarizes urea interaction potentials α i and corresponding partition coefficients K p , as well as single ion β ion , obtained from a global fit of all urea-model compound data to Eq. 4. To obtain K p , a common value b 1 ¼ 0.18 H 2 O∕Å 2 (corresponding to approximately two layers of local water) was assumed for all types of surface investigated. This is the lower-bound value of b 1 determined previously for the air-water interface (25) and for molecular aliphatic and aromatic hydrocarbon surfaces in water [using the excluded Hofmeister salt Na 2 SO 4 (17) ]. This b 1 is also consistent with values of μ 23 for interactions of GB with anionic carboxylate O (4, 5, 15) , where near-complete exclusion is expected. For comparison, Table 1 also includes values of α i and K p for the interaction of GB with these functional groups and of β ion for interactions of GB with inorganic ions (15) , showing that values of α i for the protein functional groups of interest are generally smaller in magnitude for urea than for GB, whereas va- lues of β ion for the inorganic ions of salts are larger in magnitude for urea than for GB.
A first application of urea α i values in Table 1 is to predict values of μ 23 ∕RT for interactions of urea with all model compounds in the training set. Experimental and calculated values, tabulated in Table S1 , are compared in Fig. 2 ; agreement is very good (average deviation AE20%), supporting the use of an ASA-based analysis and the assumption of additivity in Eq. 4. We do not detect any common characteristics among the compounds exhibiting the largest deviations between observed and predicted μ 23 ∕RT. The interaction potentials in Table 1 allow one to predict the effect of urea and GB on the osmolality or any other colligative property of a solution of any model compound of known structure, and on the solubility or other observed equilibrium constants for processes involving any model compound in water.
Molecular Interpretation of Preferential Interactions of Urea and GB
with Functional Groups of Proteins. Urea, like water, has multiple hydrogen bond donors and acceptors, but glycine betaine has no hydrogen bond donor capability. This key difference is sufficient to explain the differences in K p values ( Table 1) for interactions of urea and GB with N and O groups.
Amide O: Moderately strong accumulation of urea in the vicinity of any amide O group (K p ¼ 1.28) indicates most simply that formation of a hydrogen bond donated by a urea-amide -NH to an amide O, together with a water-water hydrogen bond, is favored as compared to hydrogen bonds of the urea-amide -NH and the amide O to water. The urea-amide O interaction is one of the two most favorable preferential interactions of urea with the functional groups of proteins. In stark contrast, GB is highly excluded from amide O (K p ¼ 0.24), presumably because GB lacks a hydrogen bond donor group and so cannot compete with water to interact with amide O. The free energy of transfer of the peptide backbone from water to an osmolyte solution (1 M) is found to decrease strongly and approximately linearly as the fraction of polar surface of the osmolyte increases, with trimethylamine N-oxide (TMAO) and GB at the nonpolar and unfavorable end of the series, and urea and GuHCl at the polar and favorable end (27) . Because amide O is the principal contributor to peptide backbone surface, the abilities of these solutes to compete with water to hydrogen bond to amide O are probably the determinant of their place in this series; TMAO, like GB, cannot compete with water to interact with amide O, whereas GuH þ interacts much more favorably with amide O (
Hydrogen bonding of urea to amide oxygens on side chains of Poly(N-isopropylacrylamide) (PNIPAM) in water has been quantified recently by FTIR (28) . The fraction of PNIPAM amide O predicted to interact with urea instead of water as a function of urea concentration (using the urea-amide O K p value in Table 1 ) agrees quantitatively with the fraction of PNIPAM amide O observed to be hydrogen bonded to urea (Fig. S3) Amide and cationic N: Urea is weakly accumulated at amide N (K p ¼ 1.10) and is weakly excluded from cationic N (K p ¼ 0.94). These modest K p values indicate that hydrogen bonds between the amide N of urea, acting as donor or acceptor, and an amide or cationic N on another molecule must be quite unfavorable relative to interactions with water. Because the interaction of urea with amide O is quite favorable (see above), the hydrogen bond from the amide -NH of urea to the amide O of another molecule must be favorable relative to hydrogen bonds involving water. The much weaker interaction of urea with amide and cationic N than with amide O therefore indicates that the favorable preferential interaction of these Ns with urea-amide O is largely compensated by an unfavorable preferential interaction of these Ns with urea-amide N. Hydrogen bonding of urea to amide nitrogens of the diamide aAma in water has been quantified recently from the effect of urea on amide hydrogen exchange (HX) (29) ; the extent of urea-amide N interaction as a function of urea concentration predicted from the experimentally derived K p value is substantially less than that deduced from the HX data (Fig. S3) .
As is the case for interactions with amide, carboxylate, and hydroxyl O surfaces, a strong contrast is observed between preferential interactions of GB and urea with amide and cationic N. From Table 1 , GB is quite strongly accumulated at both amide N (K p ¼ 1.54) and cationic N (K p ¼ 1.32), presumably because hydrogen bonds donated by amide or cationic N to GB carboxylate O are favored in comparison to hydrogen bonds with water, as discussed above.
Aliphatic C: Urea is slightly accumulated at aliphatic C surface (K p ¼ 1.03). Though this preferential interaction is only weakly favorable, it appears to be a significant contributor to the observed effect of urea on protein stability because the composition of the surface exposed in unfolding is predominantly (65%) aliphatic C. The slight accumulation of urea in the vicinity of aliphatic C in water means that the interaction of urea with aliphatic C is slightly less unfavorable than the interaction of aliphatic C with water (the hydrophobic effect). Although the methyl groups of GB contribute a large fraction (71%) of the ASA of GB, GB is modestly excluded from aliphatic C (K p ¼ 0.92). Urea and GB exhibit opposite directions of preferential interactions with aliphatic C, as observed for amide O, anionic O, and cationic N.
Aromatic C: The favorable urea-aromatic interaction (K p ¼ 1.28), presumably a hydrogen bond from the urea-amide N to the π-system of the aromatic ring, is as favorable as the urea- Table S1 ). Line represents equality of predicted and observed values.
amide O interaction. GB also exhibits a very favorable preferential interaction with aromatic hydrocarbon surface (K p ¼ 1.62), proposed to be a cation-π interaction (15) ; this is the most favorable interaction of GB with any type of protein surface. Because the interaction of water with aromatic surface is intrinsically unfavorable relative to self-interactions (the hydrophobic effect), interactions of urea and GB with aromatic surface need not be intrinsically favorable to be preferred to aromatic-water interactions.
Why Urea Destabilizes and GB Stabilizes Globular Proteins: Analysis
Using Solute Interaction Potentials. An important application of functional group interaction potentials like those for urea and GB in Table 1 is to predict or interpret urea and GB m-values for steps of protein processes. Most solute m-values in the literature are for the process of folding or unfolding globular proteins which, to a good approximation, expose surfaces with similar coarse-grained compositions and different surface areas. For the previously investigated comprehensive set of monomeric globular proteins (13), the average composition of the ASA exposed in unfolding the globular conformation to an extended chain is approximately 65% aliphatic C and 12% amide O, with smaller percentages of other surface types (Table 2 ). For the process of unfolding a protein that exposes 1;000 Å 2 of ASA with this composition, Table 2 lists the predicted contributions of the different surface types to urea and GB m-values, calculated from the interaction potentials (α i ) in Table 1 . For both urea and GB, interactions with amide O, aliphatic C, and aromatic C make the three most significant contributions to the observed m-value. For urea, where all the significant urea-surface interactions are destabilizing, interactions with amide O contribute approximately onethird and interactions with aliphatic and aromatic C contribute one-quarter and one-fifth, respectively, of the predicted m-value. For GB, where a wide range of favorable and unfavorable interactions with protein functional groups is predicted, the contribution of the GB-amide O interaction (stabilizing) is as large as the predicted m-value; contributions from aliphatic C (stabilizing) and aromatic C (destabilizing) are about half as large in magnitude as the contribution of amide O and are opposite in sign. Table 2 also shows that urea and GB interaction potentials can be used to predict other protein interactions that involve different surface compositions, including prediction of μ 23 for the interaction with the surface of a native protein such as BSA and prediction of α-helix unfolding m-values. This same approach is useful to compare urea and GuH þ as denaturants, as described in SI Text.
For the set of well-characterized globular proteins in Table S3 , predicted and experimental urea m-values∕RTðΔμ 23 ∕RTÞ are compared in Fig. 3 . Interaction potentials for these calculations are from Table 1 , and values for the amount and composition of the ΔASA are from Table S3 , calculated using an extended chain model for the unfolded form. Excellent agreement is obtained in all but a few cases, with no systematic deviation of predicted and observed m-values. The average discrepancy is AE16%, very similar to that observed in the comparison of predicted and observed values of μ 23 for the model compound training set.
Comparison to Other m-Value Analyses. A very significant milestone in the analysis of solute effects was the observation that m-values for urea denaturation of globular proteins are approximately proportional to the ΔASA of unfolding (1). This proportionality of urea m-value to ΔASA means that only one (composite) interaction potential, instead of the seven in Table 1 , is required to predict a protein unfolding value from structural data, or vice versa. However, this is because the composition of the surface that constitutes the ΔASA of unfolding is invariant (approximately 65% aliphatic hydrocarbon, approximately 17% amide, etc.). This relationship is not applicable to other protein processes, Table S3 ). Urea m-values were calculated using an extended model of the denatured state in urea from Hong et al. (13) . (1GSD is not included in the plot because its m-value is significantly larger than the others but is included in Table S3 .) Line represents equality of predicted and observed values.
including the conversion of folded or unfolded protein to the highest lying transition state that determines the kinetic m-values, if the composition of the ΔASA is different. Model compound chemical potential derivatives (μ 23 ) with respect to urea molality, which are the basis for interpreting or predicting urea m-values for any protein process (Eq. 1), are most directly obtained from osmometry (Eq 2). VPO is insufficiently sensitive to use with sparingly soluble model compounds, but in these cases effects of urea on solubility provide a direct determination of μ 23 (Eq 3). For all these model compounds (with the exception of most Na þ or K þ carboxylate salts), chemical potential derivatives are negative (Table S1 ), indicating favorable preferential interactions. Effects of urea on solubilities of more soluble amino acids and peptides have also been determined (21, 31) . Although urea increases the solubility of all sparingly or moderately soluble amino acids and peptides (m 2 Ã < 0.3 molal), urea either decreases or does not change the solubility of highly soluble amino acids. Comparison of μ 23 values (numerically the same as free energies of transfer from water to 1 M urea) obtained from solubility and osmometry for the most soluble amino acids (Table S4 ) reveals large systematic differences in six out of eight cases, presumably because of the significance of the nonideality correction ðd ln γ 2 ∕d ln m 2 Þ m3 in these cases (14, 20) . In principle, osmometric data in the presence of urea can be used to correct the solubility analysis (20) , but where these data are available they provide μ 23 directly (from Eq. 2).
Relevance of μ 23 Values and Urea Interaction Potentials for Simulating
Protein Interactions and Relating Protein Structure to Thermodynamics. A computational treatment of aqueous urea solutions, developed by refining molecular dynamics simulation parameters until urea-urea and urea-water Kirkwood-Buff (KB) integrals were reproduced (32) , was incorporated in simulations to predict changes in urea-protein preferential interaction coefficients and urea m-values for folding/unfolding the trp-cage miniprotein in urea solutions (33) . Preferential interactions of urea with sidechain and backbone groups exposed in unfolding were found to contribute 60% and 40% of the urea m-value, respectively. For comparison, urea interaction potentials in Table 1 , applied to the ΔASA of unfolding trp cage (Table S4 ) predict a 55%∶ 45% division of the destabilization between side chains and backbone. Comparisons of KB integrals for three-component urea (or GB)-model compound simulations with experimentally determined chemical potential derivatives (μ 23 ; see Table S1 and ref. 15) will allow further refinement of the parameters of these simulations; an initial study of this type has been reported (34) .
Once interactions of other amides with the set of model compounds studied here are experimentally determined to complement the data reported here for urea, these interactions can be dissected to obtain thermodynamic information about interactions of amide O and amide N moieties of urea and other amides with the various functional groups of proteins. This analysis will fully test the assumption of additivity used to dissect urea-model compound interactions and will allow the contributions of interactions involving amide O and N moieties to the stability of folded proteins and protein complexes to be assessed. 
SI Text
Chemicals. Nitrilotriacetic acid trisodium salt monohydrate (purity >98%), glycine betaine monohydrate, propionic acid sodium salt (all >99%), urea, mannitol, lysine and arginine hydrochlorides, potassium citrate tribasic monohydrate, sodium citrate tribasic dihydrate, and sodium benzoate (all >99.5%) were from Fluka. Sodium aspartate, sodium oxamate (all >98%), potassium chloride, guanidine hydrochloride, anthracene, and potassium glutamate (all >99%) were from Sigma. Sodium chloride, sodium dodecyl sulfate (all >99%), and sucrose (>99.9%) were from Thermo Fisher Scientific. Glycerol (>99.5%) and naphthalene (>99%) were from Aldrich. Acetyl-Ala-methylamide (aAma, >99%) was from Bachem. All samples were dissolved in water purified with a Barnstead E-pure system (Thermo Fisher Scientific).
Vapor Pressure Osmometry (VPO). Samples are prepared and the omolalities (Osm) are measured on a Wescor Vapro 5520 vapor pressure osmometer as described in Capp et al. (1) . Below 1 Osm, the osmometer is calibrated at 0.1, 0.29, and 1 Osm using accurately prepared in-house NaCl calibration standards. Between 1 and 1.5 Osm, reproducible small systematic differences are observed between VPO readings and literature isopiestic distillation (ID) data for KCl (2) . These interpolated differences are used to correct experimental VPO data obtained for 1-1.5 Osm solutions measured on the same osmometer. This correction was also applied to the VPO data reported in Capp et al. (1) to give revised values of α i in Table 1 . Above 1.5 Osm, deviations from literature ID data are larger and less reproducible, so if a series contained solutions greater than 1.5 Osm, a set of bracketing KCl standards was read with each sample and used to correct its osmolality using literature ID data for KCl (2) .
Solubility Measurements with Solid Aromatic Hydrocarbons. Series of urea solutions with concentrations ranging from 0 to 6 molal were prepared gravimetrically, and an excess of naphthalene or anthracene was added to each. Samples were incubated in a 25°C shaking water bath for 72 h. Solubility equilibrium appeared to be achieved in 24 h, and no significant change in concentration was observed between 24 and 72 h. Absorbances of anthracene samples and accurate (gravimetric) dilutions of naphthalene samples were determined in a Cary 1 UV-visible spectrophotometer.
SDS Micelle Formation Assay. For each urea concentration assayed, a series of solutions with constant urea concentration and SDS concentrations ranging from 0 to 40 mmolal were prepared gravimetrically. After at least 30 min of equilibration time, the conductivity of each sample was determined using a YSI 3200 conductivity meter. The critical micelle concentration (cmc) is obtained as the SDS concentration where the slope of a plot of conductivity vs. SDS concentration changes (see Fig. S1 Inset) (3) .
Surface Area Calculations. Coordinate and Protein Data Bank (PDB) files for model compounds and proteins were obtained as described below. Water-accessible surface areas (ASA) are calculated using Surface Racer (4) with the Richards set of van der Waals radii (5) and a 1.4-Å probe radius for water. A unified atom model is used, wherein hydrogens that are covalently bonded to these atoms are treated as part of the atom in calculating its van der Waals radius. Each ASA is divided into contributions from seven coarse-grained surface types (Tables S2 and S3) : aliphatic carbon, aromatic carbon, hydroxyl oxygen, amide oxygen, anionic carboxylate oxygen, amide nitrogen, and cationic nitrogen. All amino acid surfaces appear well-described by these surface types except His ring N, which is assigned as cationic N, Trp ring N, which is assigned as amide N, and Met and Cys S, which are ignored because the ΔASA of sulfur in unfolding the proteins in Table S3 is negligibly small (0-2% of the total ΔASA).
ASA Analyses of Model Compounds and Proteins. Coordinate files analogous to PDB files for each model compound were generated from multiple sources if available. NMR solution structures were obtained from the Biological Magnetic Resonance Data Bank (BMRB) (6, 7) . Crystal structures were from the Cambridge Structural Database (8) . Predicted structures (using standard bond lengths and angles) were obtained from the CACTUS SMILES (simplified molecular input line entry specification) Translator and Structural File Generator at http://cactus.nci. nih.gov/translate using structure data files from PubChem (http://pubchem.ncbi.nlm.nih.gov) as input if available or using the structure editor built into the program if not.
ASA values calculated from the model compound structures from different sources agree within 10% for all compounds investigated here except sucrose. For molecules with BMRB entries (including sucrose), the ASA from the NMR structure was used because NMR data are taken in solution, so it most closely approximates our conditions. When NMR data were not available, the CACTUS-generated structure was used because these structures were available for all compounds.
Hong et al. (9) calculated values of ΔASA of unfolding for their series of globular proteins; the folded state ASA's were calculated from structures in the Research Collaboratory for Structural Bioinformatics Protein Data Bank (6) and denatured state ASA's were obtained using an extended model generated by putting the protein backbone in an extended β (all-trans) conformation in Insight II. We calculated ΔASA for trp cage in the same way.
Alternatively, the web application ProtSA (10) was used to generate an unfolded ensemble for each protein. The average ΔASA of the ensemble was used as a model for the denatured state where more residual structure is retained. The m-values predicted using this model were systematically smaller in magnitude than experimental m-values and those predicted using the extended model. Different choices of molecular radii are used by ProtSA (11) than in our analysis (12) . Because the effect of this difference in atomic radii on the calculation of ΔASA and surface composition is not known, we cannot be certain if the significant differences between experimental m-values and those predicted using ProtSA are primarily due to the model of the unfolded state or the different radii or some combination of the two.
Data Analysis. Interactions of urea with soluble nonvolatile model compounds were characterized by osmometry. Values of the osmolality difference ΔOsm were plotted in Igor 5.04B as a function of the molal concentration product m 2 m 3 as indicated by Eq 2. All plots of ΔOsm in Fig 1 are linear in the product m 2 m 3 with an intercept of zero within experimental uncertainty, as expected from Eq. 2 if the corresponding chemical potential derivatives μ 23 are independent of concentration and higherorder terms in the expansion of ΔOsm do not make significant contributions. If the intercept is floated, small nonzero intercepts are observed, but these deviations are not systematic and do not have a significant effect on the slopes. Values of μ 23 ∕RT and corresponding uncertainties were obtained from the slopes of these plots with the intercept fixed at zero.
Literature ID data for interactions of urea with glycine, diglycine, triglycine, alanine, and glycyl-alanine were previously analyzed by Cannon et al. (13) using an expression derived from the Gibbs-Duhem equation and truncated polynomial series representations of the osmolalities of the two-and three-component solution to determine μ 23 ∕RT. Here, we evaluate μ 23 ∕RT from the proportionality of ΔOsm and m 2 m 3 to be consistent with the VPO data analysis. Both methods yield similar results when applied to the same dataset. We truncated the data after 1.2 osmolal (again to be consistent with the VPO data), whereas Cannon et al. used data up to 6 osmolal. The data between 1.2 and 6 osmolal appear to be significantly more scattered than the data below 1.2 osmolal.
To obtain values of μ 23 ∕RT for interactions of urea with sparingly soluble model compounds and the hydrocarbon surface buried in micelle formation, natural logarithms of relative solubilities and cmcs were plotted in Igor 5.04B as functions of urea molarity Eq. 3. (For naphthalene and anthracene, the absorbance at the wavelength maximum was used as a direct measure of solubility.) Molar urea concentrations were used in these analyses because these plots are linear to higher urea concentration than a molal scale plot and therefore provide a more accurate determination of the initial slope, which should be the same for both concentration scales. Data for naphthalene, anthracene, and SDS (Fig. 2 ) exhibited no detectable curvature in the range of urea concentrations examined (up to 2-4 M) and were fit linearly. For the literature solubility data plotted in Fig. S1 , fewer points were obtained in the linear region so a quadratic fit was performed on the full range of data and the initial slopes were analyzed.
Attempts to quantify urea-aromatic hydrocarbon interactions using liquid aromatics (benzene, toluene) or the nonionic detergent Triton X-100 yielded anomalous values that are highly inconsistent with those obtained from the seven solid aromatic compounds in Table S1 . These anomalous results were discarded.
Values of μ 23 ∕RT for interactions of urea with all model compounds investigated (with ASA and surface composition calculated as above) were analyzed by R (14) (multiple linear regression) to obtain urea interaction potentials (α i ) for different surface types.
Comparison of Free Energies of Transfer of Amino Acids from Water to 1 M Urea from Various Sources (Table S4) . Table S4 compares amino acid transfer free energies from water to 1 M urea obtained from different sources. We report the solubility of each amino acid in water (15) and rank the amino acids from most to least soluble. The column labeled "literature" contains transfer-free energy values reported by Auton and Bolen (16) . The column labeled "calculated" contains values that we calculate from solubility and osmometry data and report in Table S1 ; the column labeled "predicted" contains values predicted from the interaction potentials in Table 1 and amino acid ASA data in Table S2 .
For the very soluble amino acids, we conclude from the comparisons in Table S4 that osmometric data provide a much better determination of μ 23 ∕RT (or the transfer free energy) than solubility data. Three component osmometric data (previously available only for urea and glycine or alanine) were used (17) to make nonideality corrections for glycine and alanine, but this correction is approximate and, as we showed previously (13), μ 23 ∕RT for glycine and alanine is more directly and accurately obtained from the osmometric data itself. Literature estimates (16) of transfer-free energies for the other six very soluble amino acids were not corrected, and four out of these six cases differ very significantly from those calculated from the direct osmometric values of μ 23 ∕RT that we report here. This would affect calculated values of side-chain transfer-free energies. Table 1 and Table S1 ) appears to be the result of (−NH⋯O ¼ C−) hydrogen bonding, the SPM can be used to predict the dependence of f on urea concentration to compare with experimental data.
The second equality in Eq. S1 follows from the relationship between n 3 loc and m 3 bulk ≅m 3 in terms of the microscopic local-bulk partition coefficient K p : n 3 loc ¼ K p n 1 loc m 3 ∕m 1 . For the water soluble flexible coil polyamide Poly(N-isopropylacrylamide) (PNIPAM), Sagle et al. (18) used FTIR spectroscopy to monitor the shift in the PNIPAM amide I absorption band from 1,625 to 1;652 cm −1 when urea hydrogen bonds to PNIPAM amide O, and thereby determine f PNIPAM;amideO as a function of urea concentration. Their data are plotted in Fig. S2 , together with the prediction of the SPM (Eq. S1) using K p ¼ 1.28; agreement is within uncertainty below 4 molar urea. Deviation at high urea concentration could indicate a reduction in K p with increasing urea concentration, though K p appears relatively independent of urea concentration for protein processes (19) . Table S1 ).
Comparing Urea and GuH þ as Denaturants. Model compound interaction data for GuH þ salts were recently analyzed and applied to interpret effects of these and other Hofmeister salts on protein folding and DNA helix formation (21, 22) and are used here to compare the molecular basis of the action of urea and GuH þ as denaturants, though the model compound data for GuH þ are insufficient at present to separate the individual contributions from amide O and amide N. Our dissection of these data reveals that GuH þ interacts much more favorably with the amide surface of the peptide backbone than does urea [K p ≅2.8 for GuH þ vs. a weighted average K p ¼ 1.23 for urea (21) ]. This difference must result from a far stronger hydrogen bond from a -NH of guanidinium to the amide O than from a -NH of urea. On the other hand, interactions of GuH þ with aromatic C (K p ≅1.0) and aliphatic C (K p ≅0.7), although much more favorable than interactions of alkali metal cations with these C surfaces (K p ≅0), are not as favorable as those exhibited by urea with aromatic C (K p ¼ 1.28) and aliphatic C (K p ¼ 1.03), perhaps due to the positive charge. These results predict that the GuH þ cation is 1.75-fold stronger than urea as a denaturant of a typical globular protein. The denaturing ability of a GuH þ salt is, of course, the composite effect of the GuH þ cation and the salt anion (21). (Table S1 ) are obtained from the initial slopes (Eq. 3). 
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